Digital fabrication represents an innovative technology with the potential of expanding the boundaries of architecture. The potential to fabricate elements directly from design information is transforming many design and production disciplines. In particular, 3D printing has become the key of modern product development. As the use of additive manufacturing grows, research into large-scale processes is beginning to reveal potential applications in construction.
Introduction
The construction sector is a highly active industry, responsible for 40% of global energy consumption, 38% of global greenhouse gas emissions, 12% of global potable water use, and 40% of solid waste generation in developed countries. Although it is a large contributor to environmental impacts, the buildings sector has a high potential to reduce emission (UNEP, 2012). Today's increasing concerns about sustainability aspects in construction are inducing the emergence of innovative technologies and processes as a solution to achieve environmental improvements and to overcome the inefficiency and lack of interoperability present in the sector. Digital fabrication processes have the potential to expand the boundaries of architectural design and construction.
Gershenfeld (2012) introduced the term "Digital Fabrication" for processes that use computer-controlled tools that are the descendants of MIT's first numerically controlled mill. However, the current digital tools have a broad range of applications, extending well beyond aiding the generation of planar drawings and 3D models. The potential to fabricate elements directly from design information has transformed many design and production disciplines (Dunn, 2012) . Approaches to digital fabrication are typically categorized as either reductive fabrication (milling, cutting, and eroding) or additive fabrication (automated assembly, lamination, extrusions, and other forms of 3D printing). Additive manufacturing is becoming an integral part of modern product development (Hague et al., 2003) , and 3D printers are currently affordable for home use (Pearce et al., 2010) . As interest in additive manufacturing grows, research into large-scale processes is beginning to reveal the potential applications in construction and architecture.
The evolution of digital technologies is inseparable from the transformation of conventional building techniques. The use of digital fabrication in architecture allows mass-production of customized complex structures, which can be developed on-site (Gramazio et al., 2014) . Recent developments in 3D printing of concrete elements at large-scale have shown the potential of these innovative processes to reduce the amount of material, time, waste and need for formwork in the project, which is not feasible with conventional methods of construction (Lim et al., 2012) . Studies such as Lloret et al. (2014) and Hack and Lauer (2014) presented efficient robotic construction methods for the development of complex concrete structures. Other projects were related to the research on computational methods for structural optimization of complex structures, which allowed an important reduction of material (L opez L opez et al., 2014; Rippmann and Block, 2013) . Moreover, approaches such as King et al. (2014) and Andreani et al. (2012) focused on the development of customized robotic methods for the assembly of material systems, in this case ceramics. Finally, a new research path is being developed, exploring additive manufacturing with the use of unconventional and locally available materials for the application in architecture (Mal e-Alemany and Portell, 2014).
The combined methods of computational design and robotic fabrication have demonstrated potential to create expressive architecture, but their potential contribution to the improvement of sustainability in construction has not been the main focus of previous works. Scarce conclusive environmental assessments of large-scale digital fabrication processes are present in literature. Most published studies related to sustainability aspects of digital fabrication are focusing on small-scale additive processes (Kohtala and Hyysalo, 2015) . For instance, Kreiger and Pearce (2013) and Faludi et al. (2015) focused on the life cycle assessment comparison of conventional, large-scale production with additive manufacturing or 3D printing. Both papers agreed that additive manufacturing produced less environmental impact than conventional manufacturing and resulted in a reduction of waste and the possibility of recycling. In contrast, Gebler et al. (2014) and Chen et al. (2015) assessed 3D printing from a global sustainability perspective. This research associated 3D printing technologies with a strong lowering of costs and energy use, decreasing resource demands and environmental emissions over the life cycle of a product. The challenge of full-scale architectural additive fabrication is that it is inefficient and illogical to simply "scale up" 3D printing.
Research into the environmental benefits of digital fabrication in architecture and construction needs to be performed while it is still an experimental technology so adjustments can be made at an early stage. In the last few years, several published studies have addressed sustainability aspects in construction. Specifically, the Life cycle assessment (LCA) framework has become an important method to assess the potential environmental impacts over the life cycle of construction materials and buildings (Ortiz et al., 2009) . Furthermore, LCA methodology is nowadays an important decision support tool to select appropriate technical solutions and materials to reduce environmental impacts (Ingrao et al., 2016) . Energy regulations focus principally on the optimization of the energy performance in buildings during the operation phase (European Parliament and Council, 2010). As a consequence, the use of energy efficient materials and building operation technologies has increased the contribution of embodied energy in buildings (Passer et al., 2012) . A solution may be the application of LCA during early stages of the project, in order to consider environmental impacts together with formal and technical aspects during the architectural design. Nevertheless, LCA is usually applied after the design process due to the complexity of the method and the need of detailed information. But by then, the results are difficult to implement because of the elevate costs associated (Hollberg and Ruth, 2016) .
Digitally fabricated architecture is planned, assessed, and optimized during the design phase, understanding construction as an integral part of design (Gramazio and Kohler, 2008) . Consequently, the integration of environmental criteria needs to be done during design. With this objective, two possible approaches can be applied: simplified LCA integrated in parametric design tools and environmental guidelines based on LCA results. This study follows the second approach with the aim of establishing environmental guidelines to help designers make better-informed and more sustainable choices during the digital fabrication design process. Three case studies of additive fabrication at architectural scale are presented and evaluated with the LCA method. The research focuses on the comparison of environmental impacts associated with digitally fabricated architecture and conventional construction. The results from the case studies are analysed and the key criteria to be considered during design are extracted.
Methodology: Life cycle assessment (LCA)
Nowadays, a great number of tools are available for environmental assessment of the built environment. The most accepted ones are using a life cycle approach for assessing environmental impacts associated with buildings and building materials (Ding, 2014) . Life Cycle Assessment (LCA) is a methodology based on the international standards ISO 14040-44 for evaluating the environmental load of processes and products during their life cycle, from cradle to grave (ISO, 2006a (ISO, , 2006b ). The main objectives of LCA are to help decision makers choose among different alternatives considering their environmental performance and to provide a basis for the design and improvement of a system from an environmental point of view. LCA has been used in the building sector since 1990 (Fava, 2006) , and it is now a widely used methodology (Chen et al., 2010; Damineli et al., 2010; Purnell and Black, 2012) .
Different tools based on the LCA method have been developed for the environmental assessment of the construction materials and buildings. According to Ortiz et al. (2009), and Cabeza et al. (2014) , LCA tools can be divided in 3 levels. Level 1 includes product comparison tools such as Gabi, SimaPro, TEAM, EDIP and LCAiT. A second level includes whole building design decision support tools like ATHENA, BEE, LISA, Ecoquantum and Envest. Finally, level 3 includes environmental rating systems for the whole building assessment, some of the most well-known in Europe are LEED, BREEAM and DGNB. Additionally, Ortiz et al. (2009) established a second classification based the application of LCA methodology in the construction sector. A first category for building material and component combinations, and a second category of tools applied to the full building life cycle. For instance, the first category includes environmental product declarations (EPD), which are largely used in the construction field. EPDs provide quantitative environmental data based on the LCA of the products, which can be used to make reliable comparisons between building materials (Bovea et al., 2014) .
In the last few years, the development of Building Information Modelling (BIM) in the construction sector has led to the development of solutions for the integration of environmental evaluations in building design (Azhar and Brown, 2009; Wong and Fan, 2013) . BIM is based on a virtual 3D model of the building as a shared database containing all information related to the project (Czmoch and Pę kala, 2014) . BIM plugins such as Tally (Bates et al., 2013) have been developed for a faster LCA of a complete construction project. Simultaneously, the evolution of modern architecture towards an increased formal complexity has incremented the use of Computer Aided Architecture Design (CAAD) tools, such as Rhino and Grasshopper. Parametric design tools, which are used in digital fabrication, have a high formal flexibility and data uncertainty during design, therefore, they require alternative LCA approaches. As a result, initial studies have developed designintegrated LCA parametric tools (Hollberg and Ruth, 2016) . Alternatively, a second approach consists in the elaboration of design guidelines based on LCA results. The European Commission's report
